Highly Durable Sllloa Glass, Process and Apparatus for 
Producing Same, and Memb r and Apparatus Provided with Same 



BACKGROUND OF THE INVENTION 

(1) Field of the Invention 

This invention relates to highly durable silica glass, 
and a process and an apparatus for producing the highly durable 
silica glass • The highly durable silica glass contains a plasma 
resistance-enhancing element substantially uniformly dispersed 
therein and exhibits an enhanced resistance to plasma applied 
in an apparatus using a plasma such as a semiconductor-production 
apparatus or a liquid crystal -production apparatus. 

This invention further relates to a member such as a vessel 
for a semiconductor., a tool or jig, or a bell Jar for a plasma 
etcher, which member is provided in a semiconductor production 
apparatus or a liquid crystal production apparatus; and to a 
semiconductor production apparatus or a liquid crystal 
production apparatus. 

(2) Description of the Related Art 

A production apparatus using a plasma is widely used, for 
example , as a semiconductor production apparatus and a liquid 
crystal production apparatus. In recent years, there is an 
increasing importance in a dry etching technique using a plasma 
along with mioro-minlaturization of semiconductor integrated 
circuits. In the dry etching technique using a plasma, a 
halogen-containing compound gas such as a fluorine -containing 
compound gas or a chlorine -containing compound gas must be used. 
In view of high reactivity, a halogen- containing compound gasand 
its plasma are widely used, for example, as etching gas for dry 
etching or as cleaning gaa in a thermochemioal vapor deposition 
process . Many kinds of halogens-containing compound gas are used 
which include, for example, fluorine -containing compound gas 
such as HF, Cf 4 , CHF 3 and NF a , chlorine-containing compound gas 
such as Cl 2 , HC1, BC1 3 and CC1 4 , and bromine-containing compound 



gas suoh as Br 2 and HBr. 

In apparatuses using a plasma , suoh as a semiconductor 
production apparatus and a liquid crystal production apparatus, 
a silica glass member is popularly equipped. For example , a bell 
jar or a focus ring f which is made of transparent silica glass 
is used. This is because a raw material for silica , i.e., a 
high-purity quartz powder is not expensive and sllloa glass is 
easy to machine and is easily molten by oxyhydrogen flame. 
Therefore, a shaped high-purity silica glass article having a 
complicated shape can be produced with a low production cost. 
Further, silica glass exhibits enhanced high-frequency 
transmit tance • 

However, a silica glass member has a problem in durability. 
That is, when a silica glass member is repeatedly exposed to 
a halogen -containing compound gas or a plasma thereof, the 
surface layer thereof is gradually etched and the section 
thickness is reduced. For example, a fluorine -containing 
plasma suoh as CF 4 /O a is used, silicon in the silica glass is 
allowed to react With f luorihe radical to form SiF 4 which is 
evaporated. The reduction of section thickness shortens the 
service life of silica glass member and tends to cause abnormal 
discharge . 

For a member which is exposed to a high temperature such 
as a flange of a semiconductor-production apparatus, a 
high-purity opaque silica glass is used because of excellent 
heat insulation. However, a conventional opaque silica glass 
has fine bubbles formed therein for enhancing opaqueness and 
thus, the surface is rough, and the silica glass has poor 
sealability and poor toughness and exhibits poor impact 
resistance when it is exposed to plasma etching gas at high 
temperature . 

SUMMARY OF THE INVENTION 
In view of the foregoing, an object of the present 
invention is to provide silica glass exhibiting improved 
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durability while high purity, good machinability and reduced 
production of a p wdery substano are maintain d, which suitable 
as a member equipped in an apparatus using a halogen -containing 
compound gas and its plasma such as a semioonduotor-produotion 
apparatus or a liquid crystal apparatus. 

Another object of the present invention is to provide a 
process for producing a rod of highly durable silica glass, by 
which a rod of the highly durable silica glass can be efficiently 
produced. 

Still another object of the present invention is to provide 
an apparatus used for the highly durable silica glass rod. 

A further object of the present invention is to provide 
a silica glass member made of the highly durable silica glass 
and suitable for a device such as a vessel for semiconductor, 
a jig and a tool, and a bell jar for a plasma etcher , used in 
an apparatus using a halogen-containing compound gas and its 
plasma, such as a semiconductor-production apparatus or a liquid 
crystal -production apparatus. 

A further object of the present invention is to provide 
a semiconductor-production apparatus or a liquid crystal - 
production apparatus, which is equipped with a silica glass 
member made of the above-mentioned highly durable silica glass. 

In one aspect of the present invention, there is provided 
highly durable silica glass comprising 0.01% to 2% by weight, 
based on the weight of the silica glass, of at least one element 
selected from the group consisting of magnesium, calcium, 
strontium, barium, yttrium, hafnium and zirdonium. 

in another aspect of the present invention, there is 
provided a silica glass member for use in an apparatus using 
a halogen- containing compound gas and a plasma thereof; said 
member being made of the above-mentioned highly durable silica 
glass. 

In still another aspect of the present Invention, there 
is provided a semioonduotor-produotion apparatus equipped with 
a silica glass member made of the above-mentioned highly durable 
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silica glass. 

In a further asp ot of the present inv ntion, there is 
provided a liquid crystal-production apparatus equipped with 
a 6illca glass member made of the above-mentioned highly durable 
silica glass. 

In a further aspect of the present invention, there is 
provided a process for producing a highly durable sllloa glass 
ingot comprising simultaneously falling a finely divided silica 
powder and a finely divided zirconium-containing substance in 
a furnace using oxyhydrogen flame as heat source to form an 
accumulated layer of zirconium-containing silica on a bottom 
of the furnace? and extending the accumulated layer outwardly 
in radial directions, to form an ingot wherein zirconium is 
uniformly dispersed in a silica glass matrix. 

In a further aspect of the present invention, there is 
provided an apparatus for producing a highly durable sillo^ glass 
ingot comprised of silica and zirconium, wherein zirconium is 
uniformly dispersed in a silica glaeB matrix, said apparatus 
comprising ( i ) a furnace rotatable round its own axis, ( ii ) a 
feed means for allowing a finely divided silica powder and a 
finely divided zirconium -containing substance to 
simultaneously fall within the furnace, said feed means being 
fitted on a top of the furnace; and (Hi) a burner for projecting 
oxyhydrogen flame, said burner being fitted on a top of the 
furnace. 

In a further aspect of the present invention, there is 
provided a process for producing a highly durable silica glass 
ingot comprising allowing a powdery material comprising a finely 
divided silica powder and a finely divided zirconium-containing 
substance to pass through a plasma arc- coupled region whereby 
the powdery mixture is molten; and collecting the molten 
material; said plasma arc-coupled region being formed by 
coupling at least two plasma arcs generated by at least two 
electrodes having different polarities. 
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BRIEF DESCRIPTION OF THE INVENTION 

Figure 1 is a schematic illustrati n cf section f a 
furnace used for producing an Ingot of zirconium- containing 
silica glass of the present invention; 

Fig. 2 is a schematic illustration of section of another 
furnace used for producing an ingot of zirconium- containing 
silica glass of the present invention} 

Fig, 3 is a perspective view of a feed means provided in 
an apparatus for producing an ingot of zirconium- containing 
silica glass of the present invention i 

Fig. 4A is a sectional view of a burner provided in an 
apparatus f or producing an ingot of zirconium- containing silica 
glass of the present invention; 

Fig. 4B is a sectional view of another burner provided 
in an apparatus for producing an ingot of zirconium- containing 
silica glass of the present invention; 

Fig. 5 is a partly sectional elevation of an apparatus 
using plasma melting for producing an ingot of zirconium- 
containing silica glass of the present invention; 

Fig. 6 is an enlarged schematic view illustrating growth 
of zirconium-containing silica glass; 

Fig. 7 is an enlarged partially sectional view of a plasma 
anode torch used in an apparatus using plasma melting for 
producing an ingot of zirconium- containing silica glass of the 
present Invention; 

Fig. 8 is an enlarged partially sectional perspective 
illustration of a plasma cathode torch used in an apparatus using 
plasma melting for producing an ingot of zirconium-containing 
silica glass of the present invention; and 

Fig. 9 is a partly sectional elevation of an apparatus 
using plasma melting for producing an ingot of zirconium- 
containing silica glass of the present invention. 

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS 
The present Invention will be described in detail. 
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H1 ghly BuraM p sn 1 nn Gl n&s 

The highly durabl allloa glass of th Invent! n contains 
0.01% to 2% by weight, based on the weight of the highly durable 
silica glass, of at least one element selected from the group 
consisting of magnesium, calcium, strontium, barium, yttrium, 
hafnium and zirconium (which element is hereinafter referred 
to "additive element" when appropriate). 

The additive element has a function of enhancing the 
durability of silica glass as used while the silica glass is 
exposed to a halogen-containing compound gas and its plasma. 
More specifically, a halogenated compound of the additive 
element has a sublimation temperature and a boiling point, both 
of which are much higher than those of a halogenated compound 
of S10 2 , i.e. , SiCl 4 . Therefore, the rate of sublimation of the 
halogenated compound of additive element under vacuum is much 
•smaller than that of the halogenated compound of silica glass. 
Further, the additive element exhibits a rate of etching greatly 
lower than that of silica glass. That is, when the 
additive-containing silica glass is exposed to a halogen- 
containing compound gas and its plasma over a long period of 
time, the additive element is etched only at a much lower rate 
than that of silica glass. Thus, the additive element is 
gradually deposited. on the surface or the concentration of 
additive element is increased with a progress of etching. The 
deposited or concentrated additive element prevents the silica 
glass from being brought into contact with a halogen-containing 
compound gas and its plasma with the results that the durability 
of silica glass as used in a halogen-containing . compound gas 
and its plasma is enhanced. 

Among the additive elements incorporated in the silica 
glass of the Invention, zirconium is especially preferable 
because its oxide is very stable and a zirconium-containing 
silica glass gives a baneful Influence only to a minimum extent 
during the process of producing semiconductor. 

The content of additive element in the silioa glass of 



the inv ntlon la in the range of 0 ,01% to 2% by weight , preferably 
0.05% to 0.5% by w ight, based on th weight f the 
additive-containing silica glass. When the content of additive 
element is too high, the mechanical strength becomes poor and 
the silica glass is liable to be broken at a step of cutting 
or grinding. Further, when zirconium is incorporated, 
transparency of the silica glass is decreased with an increase 
of amount of zirconium added. In contrast, when the content of 
additive element is too low, the durability the durability of 
silica glass as used in a halogen- containing compound gas and 
its plasma is not enhanced. The silica glass containing the 
additive element in the above-mentioned amount exhibits good 
and well-balanced durability and mechanical strength . Further , 
when zirconium is incorporated in the above-mentioned range, 
a transparent silica glass exhibiting a transmittance of visible 
light of at least 80% at a thickness of l mm can be obtained. 

If elements other than the above-mentioned add itive 
element used in the present invention are incorporated in silica 
glass , a problem arises . For example , aluminum gives a fluoride 
having a sublimation temperature higher than that of SiX 4 (X; 
halogen) when aluminum is exposed to a fluorine -containing 
compound gas and its plasma, but its chloride has a low 
sublimation temperature of about 180°C. Sodium and copper tend 
to contaminate a semiconductor. Scandium is expensive. 

It is to be noted that, if a ceramic member comprised of 
an element selected from the above-mentioned additive elements 
is used as a member in a semiconductor- or liquid crystals 
produoing apparatus, the ceramic member gives a baneful 
influence on semiconductor or liquid crystal because it contains 
sodium and other impurities. Further, the ceramic has grain 
boundaries and thus erosion occurs at the grain boundaries and 
grains are liable to be fallen from the ceramic member. 
Therefore the highly durable silica glass of the present 
invention is beneficial in this respect as compared with the 
ceramic member. 
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The highly durable silica glass of the present Invention 
is vitreous. In the highly durable silica glass, a region 
surrounding eaoh additive element particle is preferably- 
vitreous, but, only this region may be crystalline. 

The highly durable silica glass has preferably no bubble 
nor grain boundary, and is preferably denslfied. This is 
because erosion tends to occur at the boundary and bubble with 
the result of reduction in section thickness and mechanical 
strength . 

The additive element Is preferably dispersed in a Bilioa 
glass matrix as uniform as possible for manifesting a maximum 
durability. Especially preferable Is zirconium-containing 
silica glass having a variant coefficient of zirconium 
concentration as measured on plural micro-regions each having 
a size of 200 p x 200 p by an EPMA (X-ray micro analyzer) in 
the range of 0.1% to 100%. The variant coefficient is defined 
by the following equations 

* Variant coefficient (%) «* c/Cx 100 
wherein a is standard deviation and c is concentration of 
zirconium; The measurement is made on, for example, at least 
five micro -regions, each of which has a size of. for example, 
200 ym x 200 nm. 

The highly durable silica glass of the invention is 
suitable for use as a member provided In an apparatus using a 
halogen- containing compound gas and a plasma thereof. The 
apparatus includes a dry etching apparatus, a 
semiconductor-producing apparatus and a liquid crystal - 
producing apparatus. As specific examples of the halogen- 
containing oompound. there can be mentioned fluorine-containing 
compounds such as HP. CF 4 . CHF 3 and NP,, chlorine -containing 
compounds such as Cl 2 , HC1. BC1, andCCl 4 , and bromine-containing 
compounds such as Br 2 and HBr. 

The shape and surface state of the highly durable silica 
member is not particularly limited . However , as for a part which 
is subject to erosion due to a halogen -containing oompound gas 
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and It 8 plasma , the part should preferably have a 8m th surf aoe , 
i.e. * a reduced surface roughness by polishing or fire polishing 
Process for Producing Highly Durahift silica 
The highly durable silica glass of the present invention 
can be made from a powdery silica material and an additive 
element -containing compound. More specifically the highly 
durable silica glass is made by melting together a finely divided 
powdery silica material and a finely divided additive 
element -containing substance* A finely divided powdery silica 
material and a finely divided additive element -containing 
substance are fed as a mixed powder or separately for melting 
together* Alternatively, a finely divided powdery silica 
material having deposited thereon an additive element - 
containing substance can be used as silica source and additive 
element source* 

As specific examples of the silica source, there can be 
mentioned natural silica materials such as powdery natural 
quartz, natural silica, silica sand, a-quartz and cristobalite , 
and synthetic silica materials such as those made by a process 
wherein a silicon alKoxide is hydrolyzed in the presence of 
hydrochloric acid or an ammonia catalyst , and the obtained silica 
is calcined t or a process wherein an aqueous alkali metal 
silicate solution is allowed to react with an acid and the 
obtained silica is purified and calcined i fumed silica, and soot 
silica. Of these, high-purity silica materials such as silica 
sand, rock crystal powder, a-quartz and cristobalite are 
preferable . 

The high-purity silica materials preferably have an 
average particle diameter in the range of 70 \m to 500 \tici. When 
synthetic silica is used, the synthetic silica preferably has 
a particle diameter distribution ranging from 40 [jun to 430 |xm 
and a mode diameter of about 220 \ua because good compactness 
is obtained and dusting is minimized. The powdery silica 
materials can be classified into a narrower particle diameter. 
For example, classified particles with particle diameter 
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distribution ranging from 200 |im to 300 jun and a mode dlara ter 
f about 260 \uai r classif led particles with particles diamet r 
distribution not larger than 200 \ua and a mode diameter of about 
180 \im oan be used . The powdery silica materials preferably have 
uniform pores having a diameter as small as possible in view 
of dispersibility of an additive element. 

The additive element -containing oompound is used ae a 
finely divided powder or in a form deposited on finely divided 
powdery eilioa material. The additive element-containing 
oompound Includes those which are capable of being converted 
to an oxide upon oaloination. Preferably the additive 
element -containing compound is a salt such as nitrate, chloride 
or sulfate. 

Finely divided powdery silica material having deposited 
thereon the additive element -containing compound is prepared, 
for example, by dissolving a salt of an additive element in water 
or other liquid medium to prepare a solution, or dispersing an 
oxide of an additive element to prepare a slurry, and then 
incorporating powdery silica material in the solution or slurry, 
followed by evaporating the liquid medium from the solution or 
slurry with stirring. The thus-prepared powdery silica 
material has a salt or oxide of the additive element deposited 
on fine silica particles. If an oxide of the additive element 
is not thoroughly mixed with powdery silica material and is 
agglomerated in the slurry, the oxide of additive element is 
not uniformly deppsited on the fine silica particles, and the 
resulting highly durable silica glass is liable to have poor 
transparency. 

To enhance compatibility of an additive element with 
silica glass or enhance bonding of an additive element with 
silica glass to improve press -forming property, a trace amount 
of an element other than the above-mentioned additive elements 
can be used in combination with an additive element -containing 
compound and a finely divided silica powder. For example, a 
trace amount of aluminum oan be used. 
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Wh n zirconium Is used as on additive element, 
transparency f the highly durabl silica glass is llabl to 
be reduced with an increase in amount of zirconium, and the silica 
glass is not suitable for sight glass. To improve the 
transparency, a solid solution of zirconium in silica glass must 
be formed by employing a high melting temperature of at least 
2, 150°C. The solid solution can also he formed by enhancing the 
contact area of zirconium with silica or by incorporating a trace 
amount of aluminum. 

The process for preparing the highly durable silica glass 
of the present invention will be more specifically described 
with regard to a preferred embodiment wherein a finely divided 
ziraonium substance is used as an additive element -containing 
substance. 

The highly durable silica glass Is made by melting together 
a finely divided powdery silica material and a finely divided 
zirconium-containing substance . The melting method Includes an 
oxyhydrogen flame melting method, a plasma melting method or 
an electrical melting method. 

(1) Oxyhydrogen Flame Melting Method 

in a process for producing a highly durable silica glass 
ingot employing an oxyhydrogen flame melting method, a furnace 
using oxyhydrogen flame as heat source and preferably capable 
of being rotated is used . That is , a finely divided silica powder 
and a finely divided zirconium-containing substance are 
simultaneously fallen in a furnace using oxyhydrogen flame as 
heat source to form an accumulated layer of zirconium-containing 
silica on a bottom of the furnace; and extending the accumulated 
layer outwardly in radial directions, to form an ingot wherein 
ziraonium is uniformly dispersed in a silica glass. matrix. 

The finely divided 6llioa powder and the finely divided 
zirconium-containing substance are fallen as a mixture of the 
silica powder and the zirconium- containing substance, or 
separately. Alternatively, a finely divided silica powder 
having deposited thereon a zirconium- containing substance is 
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fall n. The fallen finely divided silica powder and 
zirconium-containing substance are contact d with oxyhydrogen 
flame to form an accumulated layer of molten zirconium- 
containlng siliaa on a bottom of a furnace, and the accumulated 
zirconium- containing silica layer is maintained at a 
temperature sufficiently high for keeping the accumulated 
zirconium-containing silica layer in a molten state to be thereby 
extended outwardly in radial directions. 

The finely divided silica powder used as silica source 
in the oxyhydrogen flame melting method is preferably a finely 
divided powder of high-purity silicon oxide. More preferably 
the finely divided silica powder is a finely divided powder of 
high-purity silicon oxide selected from silica sand, rock 
crystal powder, a-quartz and orletoballte ♦ 

The zirconium- containing substance is preferably 
selected from metallic zirconium, and zirconia and other 
zirconium compounds. Of these, zirconia is preferable. As 
specific examples of the zirconium compounds, there can be 
mentioned zirconium salts such as zirconium chloride, zirconium 
nitrate and zirconium oxychloride; zirconia made by a process 
wherein zircon sand is purified, the resulting zirconium 
oxychloride is dissolved in pure water, and the aqueous solution 
is dried and then calcined; zirconia made by a process wherein 
zirconium hydroxide is calcined; and zirconia made by a 
hydrolyzing method. Of these, zirconia made by a hydrolyzing 
method is especially preferable. 

The finely divided zirconium- containing substance 
preferably has an average particle diameter in the range of 0 . 1 
tun to 3Q0 [im. 

The amount of finely divided zirconium- containing 
substance used is such that the weight of zirconium is in the 
range of 0.01% to 2% by weight, based on the weight of the sum 
of the finely divided silica powder and the finely divided 
zirconium- containing substance. 

Figure 1 is a schematic Illustration of section of a 
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fumac used for producing an ingot £ zirconium- containing 
silica glads f the present invention by the xyhydrog n flame 
method , and Fig. 2 is a schematic illustration of section of 
another furnace used for producing the zirconium-containing 
silica glass ingot of the present invention by the oxyhydrogen 
flame method. 

In Fig* 1, a furnace 1 used is rotatable round its own 
axis. More specifically, a frame 12 supporting the furnace 1 
is rotated by a motor. Alumina bricks 8 are laid on the frame 
12. Silicon carbide bricks form a side- wall defining the 
outer configuration of an ingot of highly durable silica glass 
of the present invention. The side-wall. 11 is surrounded by 
porous alumina bricks 9 and the alumina bricks 8 for heat 
insulation. The upper end of furnace l le open, and a lid 2 is 
placed on the upper end edge of furnace 1 with a gap & between 
the upper end edge of furnace 1 and the lid 2 . The lid 2 is made 
of heat-resistant bricks such as alumina bricks, porous bricks 
or z irconia bricks . The lid 2 has a hole for fitting the burner 
assembly 6 therein and a peep hole (not shown) . 

As heat-insulating bricks used for the furnace 1 , magnesia 
bricks such as MgO-Al 2 0 3 bricks and basic refractories such as 
CaO cannot be used because these materials do not have 
heat-resistance sufficient for withstanding a high temperature 
at which zirconium- containing silica glass is melted, or these 
materials react with molten silica glass • Neutral refractories 
such as Al 2 o 3 bricks have high heat resistance, but are not used 
as refractory placed in contact with molten silica glass because 
of reactivity with molten silica glass* 

Silicon carbide refractory has high heat resistance and 
high mechanical strength, and silica glass can be easily 
separated therefrom. Therefore, silicon carbide refractory is 
suitable for side-wall 11 which is directly in contact with 
molten silica glass . Silicon carbide bricks made with a silicon 
oxide (610 2 ) binder or a silicon nitride (Si a N 4 ) binder are 
preferable . Silicon carbide bricks made with a silicon nitride 
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(Si 3 N 4 ) binder, i.e., silic n nitride -bound silio n carbide 
bricks comprised f 80% by weight f S10 2 and 20% by w ight of 
Si s N 4 are especially preferable. 

The refractory bricks used for the furnace 1 are preferably 
baked prior to the fitting in furnace 1 so that metal impurities 
and fine fragments on the brick surface are removed. If fine 
fragments remain on the brick surface, minute bubbles are formad 
within molten silica glass, and the resulting zirconium- 
containing silica glass becomes opaque. 

A furnace bottom is exposed to heat derived from the 
oxyhydrogen flame. Therefore ziroonia bricks such as ZrO 2 -Si0 2 
bricks are preferably used as material 10 constituting the 
surface of furnace bottom. However, ziroonia bricks are liable 
to react with molten silica and sometimes give a cracked ingot 
or an ingot becomes difficult to separate from the furnace. 
Therefore the surface of furnace bottom material 10 is preferably 
covered with heat-resistant ziroonia particles (not shown) 
having a diameter in the range of 2 mm to 10 mm so that a 
zirconium-containing silica is not directly contacted with the 
bricks on the bottom and the zirconium-containing silica glass 
can be easily separated from the furnace. The thickness of the 
heat-resistant ziroonia particles may be varied depending upon 
the state of the bottom surface, but is usually about 10 mm. 

An accumulated layer of molten zirconium- containing 
silica formed on the furnace bottom is maintained at a 
temperature sufficiently high for extending the molten silica 
outward in radial directions by heat of oxyhydrogen flame. 

As illustrated in Fig. 2, when a highly durable silica 
glass ingot having a large size is produced, an auxiliary burner 
62 is provided in addition to the main burner assembly 61 in 
the lid of furnace for giving heat sufficient for extending the 
molten zirconium- containing silica outward in radial directions . 
If desired, two or more auxiliary burner may be provided. 

The direction In which oxyhydrogen flame of the auxiliary 
burner 62 is directed may not be vertical but is chosen so that 
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uniform temperature distribution is obtained ver the entire 
furnace. The auxiliary burner 62 is preferably inolin d by 5 
to 15 degrees from the vertical axis in a fashion such that the 
lower end of auxiliary burner 62 is directed forward in the 
rotating direction, to avoid disturbance of burnt gas. 

Fig, 3 is a perspective view of a powder feed means for 
allowing a finely divided silica powder* and a finely divided 
zirconium- containing substance to simultaneously fall within 
the furnace 1. The powder feed means is provided above the 
furnace 1 so that the lower end of the powder feed means is 
combined in a burner assembly 6. 

The powder feed means comprises at least one powder feed 
assembly 7. The or each powder feed assembly 7 comprises, as 
illustrated in Fig, 3, a powder feed hopper 3 for feeding a 
powdery, material which is the finely divided silica powder or 
the finely divided ziraonium- containing substance or a mixture 
of the two powders, or a zirconium-containing substance- 
deposited finely divided silica powder. The powder-feed hopper 

3 is oscillated so as to avoid blockage of the hopper with powder. 
The powder feed hopper 3 has an opening 30 at the lower end thereof ♦ 
The size of opening 30 is variable so that the fed rate of powder 
is controlled. The powder feed assembly 7 further comprises a 
rotatable table 31 for receiving the powdery material fed through 
the opening 30 of the powder feed hopper 3. On the rotatable 
table 31, an equalizer 32 for extending and making uniform In 
height a heap of the powdery material is fitted. There is a gap 
between the lower edge of equalizer 32 and the upper surface 
of table 31. The size of gap is adjustable* 

The powdery material fed from the hopper 3 forms a heap 
on the table 31, which impinges on the equalizer 32 whereby the 
heap of powdery material is extended and its height is made 
uniform. An excessive portion of the powdery material (not 
shown) is fallen from the outer periphery of table into a hopper 

4 for recovery, and then is returned to the hopper 3. A scraper 
33 is provided downstream from the equalizer 32 on the table 
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31 wh reby the powd ry material having a unif rm height is moved 
outward al ng.th length f soraper 33 and fallen from the table 
31 into a hopper 5. The scraper 33 extends from the vicinity 
of the center of table 31 to the outer periphery of table 31. 
The amount of powdery material fallen into the hopper 5 is 
monitored by a dotting recorder, and is controlled by varying 
the length Of Boraper 33. tha rate of rotation of table 31. and 
the gap between the lower edge of equalizer 32 and the. upper 
surf ace of table 31 . The powdery material fallen into the hopper 
5 is fed to the burner assembly 6 shown in Pig. l . The feed rate 
of powdery material is usually in the range of 0.1 kg/hr to 10 
kg/hr, preferably, 0. 3 kg/hr to 3 kg/hr. 

When the powdery material is a mixture of a finely divided 
silica powder and finely divided zirconium-containing substance, 
or a finely divided silica powder having deposited thereon finely 
divided zirconium-containing substance, a single powder feed 
assembly 7 is used* When a finely divided silica powder and 
finely divided zirconium- containing substance are separately 
fed to the burner assembly 6. two powder feed assemblies are 
used. 

Fig, 4 A is a sectional view of a burner assembly fitted 
to the lid of a furnace using oxyhydrogen flame, wherein a finely 
divided silica powder having deposited thereon a finely divided 
zirconium substance is fed. Fig. 4B is a sectional view of 
another burner assembly fitted to the lid of a furnace using 
oxyhydrogen flame, wherein a finely divided silica powder and 
a finely divided zirconium substance are separately fed. 

In Fig. 4A. hydrogen 40 and oxygen 41 are supplied through 
separate pipes into the burner assembly. A finely divided 
silica powder having deposited thereon a finely divided 
zirconium substance 42 is supplied together with a carrier gas 
43. In Fig. 4B, hydrogen 40 and oxygen 41 are supplied through 
separate pipes into the. burner assembly. A finely divided 
silioa powder 45 is supplied together with a carrier gas 43. 
and a finely divided zirconium substance 44 is supplied together 
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with a carrier gas 43. The burner assembly is fitted to the lid 
of furnace in a fashion that the lower end f burner assembly 
is downward projected (Pig. 1 and Fig. 2) 

in Fig. l and Fig. 2, the lid 2 is placed on the furnace 
1 with a gap a between the upper end edge of furnace l and the 
lid 2. and therefore the lid 2 is independent from rotation of 
the furnace l . The lid 2 has one or more holes for fitting the 
burner assembly 6 or 61 and optional burner 62 therein and a 
peep hole (not shown) . The burner assembly 6 or 61 is connected 
through a feeding pipe (not shown) to a hopper 5 of a powdery 
material feed means 7 (shown in Fig. 3). The burner assembly 
6 or 61 receives a powdery material through the feeding pipe 
from the hopper 5 of the powdery material feed means . A means 
for osoillating the feeding pipe is preferably provided so as 
to avoid blockage of the feeding pipe. 

The burner assembly 6 or 61 and the optibnal auxiliary 
burner 62 are ignited and the furnace 1 is rotated round its 
axis at a revolution rate in the range of 2 to 10 rpm. The furnace 
l is preferably pre-heated for 1 to 24 hours, more preferably 
3 to 5 hours to remove impurities and fine fragments from the 
brick surfaces as mentioned above. 

The powdery material feed means 7 (shown in Fig. 3) i s 
operated to feed a silica powder having deposited thereon a 
zirconium-containing substanoe, or a mixture of a silica powder 
and a zirconium-containing substanoe, or a silica powder and 
a zirconium- containing substanoe separately to the main burner 
assembly 6 or 61, from which the powdery material is fallen to 
the furnace bottom while being melted. The accumulated molten 
zirconium- containing silica is extended outwardly in radial 
directions . The central part within the furnace l is maintained 
at a temperature of about 2,000°C. namely, higher than the 
melting point of silica glass, by the burner assembly 6 or 61 
and the optional auxiliary burner 62, and further, the furnace 
1 is rotated. Therefore, with an increase in height of the 
accumulated molten zirconium-containing silica, it is extended 
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outwardly in radial air otions. Thus, a zirconium-containing 
silica glass wher in zirconium is unif rmly diapers d and whioh 
has no or only a trace amount of minute bubbles can be produced. 

The distance between the burner assembly 6 or 61 and the 
upper surface of the accumulated molten zirconium-containing 
can be maintained at constant by gradually lowering the furnace 
1 . The furnace 1 can be rotated around its own axis located in 
the center or a vicinity thereof, whereby the furnace l is moved 
by about 50 mm to 150 mm in the horizontal direction. By the 
maintenance of constant distance between the burner assembly 
and the molten material and the rotation around its own axis, 
the molten material can be easily extended. 

The molten zirconium- containing silica extended 
outwardly in radial directions reaches the side -wall 11. and 
an ingot having a shape defined by the side -wall is obtained. 
For example, four side- walls of the same size are arranged, an 
ingot having a cross-section of regular square with a size of 
1,000 mm x 1,000 mm and a thickness of 300 mm thickness can be 
obtained. When side-walls are arranged in a polygonal or round 
configuration, an ingot having a polygonal or round cross- 
section can be obtained. 

When a predetermined amount of the powdery material is 
supplied from the feed means 7 to the furnace 1, the operation 
of feed means 7 Is stopped. When the accumulated molten 
zirconium-containing silica is extended and the upper surface 
thereof becomes substantially flat, supply of hydrogen and 
oxygen is stopped and a fire is put out. After putting out a 
fire, the rotation of furnace l is stopped and side -wall bricks 
11 are removed, and an ingot of highly durable silica glass is 
taken from the furnace 1. 
(2) Plasma Melting Method 

In a process for producing a highly durable silica glass 
ingot employing a plasma melting method, a powdery material 
comprising a finely divided silica powder and a finely divided 
zirconium-containing substance is allowed to pass through a 
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plasma arc -coupled region whereby the powdery material is 
molt m and the molt n material is o Heated. The plasma 
aro-couplea. region is formed by coupling at least two plasma 
arcs generated by at least two electrodes having different 
polarities. The highly durable zirconium-containing silica 
glass made by this process is beneficial in that segregation 
of zirconium is not found in the zirconium- containing silica 
glass and the zirconium- containing silica glass has no or only 
trace amount of fine bubbles and Impurities. 

The powdery material used in this process includes a 
mixture of a finely divided silica powder and a finely divided 
zirconium-containing substance, and a finely divided silica 
powder having deposited thereon a finely divided zirconium- 
containing substance. 

The finely divided silica powder used as silica source 
in the plasma melting method is preferably a finely divided 
powder of high-purity silicon oxide. More preferably, the 
finely divided silica powder is a finely divided powder of 
hlgh-purlty silicon oxide selected from silica sand, rook 
crystal powder, a- quartz and cristoballte. 

The finely divided zirconium- containing substance 
preferably has an average particle diameter in the range of 0.1 
Mm to 300 \m. more preferably 10 |ra to 80 pun. 

The amount of finely divided zirconium- containing 
substance used is such that the weight of zirconium is in the 
range of 0 . 01% to 2% by weight . preferably 0 . 05% to 0 . 5% by weight . 
based on the weight of the sura of the finely divided silica powder 
and the finely divided zirconium- containing substance, if the 
zirconium content is smaller than 0.01% by weight, a desired 
plasma resistance cannot be obtained. In contrast, if the 
zirconium content exceeds 2% by weight, the zirconium- 
containing silica glass becomes opaque and has an undesirable 
surface configuration leading to reduction of impact resistance 
and mechanical strength. 

The zirconium-containing substance used is preferably the 
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same as those mentioned ab ve aa for the oxygen flame melting 
m thod. That Is, the zirconium-containing eubstano is 
selected from metallic zirconium, and zirconia and other 
zirconium compounds. Of these, zirconia is preferable. 

In the plasma melting method, the electrodes generating 
plasma arcs are arranged symmetrically and inclined relative 
to a path of the powdery material in a fashion that plasma 
arc- generating tips of the electrodes are inwardly directed, 
wherein the inclination angle of each electrode and the distance 
from the plasma arc-coupled region to the collected molten 
material are capable of being independently varied so that 
transmittanoe of a resulting highly durable silica glass ingot 
can be controlled. 

At least one of the electrodes functions as a cathode and 
the other electrode or electrodes function as an anode. The 
cathode and the anode are inclined preferably to en extent such 
that an inclination angle from the perpendloular axis is in the 
range of 45 to 65 degrees or the angle between the cathode and 
the anode is in the range of 80 to 130 degrees . Preferably, the 
distance between the tips of cathode and anode is maintained 
within 100 mm, or the distance from the plasma arc-coupled region 
to the collected molten material is maintained within 100 mm, 
whereby a highly durable opaque silica glass ingot is produced! 
That is, the transparency of zirconium-containing silica glass 
can be controlled. 

The thus-obtained opaque silica glass 1b advantageous 
over the conventional opaque silica glass which has fine bubbles . 
That is, the opaque silica glass of the present invention 
contains no or only a trace amount of fine bubbles and therefore 
has good and smooth surface configuration, and the cut surface 
such as, for example, a sealing surface of the flange part of 
a bell jar, exhibits good sealability. Further, the opaque 
silica glass of the present invention exhibits good resistance 
to plasma and 1b suitable for use as a member to be exposed to 
a plasma. 



The molten material is c Heat d beneficially n a target 
while th target is rotated round the vertical axis r upwardly 
moved in the vertical direction, or while the target is rotated 
round the vertical axis end. simultaneously therewith, is 
upwardly moved in the vertical direction. Thus, a columnar or 
shell- shaped zirconium- containing silica, glass ingot having a 
large length can be obtained. 

When the molten material is collected on a central part 
of the bottom of a vessel while the vessel is rotated round the 
vertical axis thereof, and the collected molten material is 
maintained at a temperature sufficiently high for allowing the 
collected molten material to extend outwardly in radial 
directions, a zirconium- containing silica glass ingot of a 
desired shape and large size can be obtained. 

The highly durable zirconium- containing silica glass made 
by the plasma melting method is suitable for use as a member 
to be exposed to high-density halogen-containing gas and its 
plasma . 

The plasma melting method will he described in more 
specifically by the following two embodiments with reference 
to the accompanying drawings. 
(1) First Embodiment 

In Fig. 5 which is a partly sectional elevation of an 
apparatus using the plasma melting method, a hopper 101 is 
charged with a powdery material which is a mixture of a quartz 
powder having an average particle diameter of about 100 \tm and 
a metallic zirconium powder having an average partiole diameter 
of 50 jim (the amount of metallic zirconium powder is 0.67% by 
weight based on the sum of the quartz powder and the metallic 
zirconium powder) . The hopper 101 is connected to a feed means 
102. The powdery material is supplied from the hopper 101 to 
the feed means 102, and then to silica glass feed tubes 103 and 
104. The powdery material passes through the tubes 103 and 104 
to a plasma arc-coupled region 105. 

Plasma arc is generated by a plasma anode torch 106 and 
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a plasma oath da torch 107. The plasma anod torch 106 has an 
eleotr de exhibiting n ignition loss. The electrod is made 
of oopper or other metal exhibiting no ignition lose. The 
zlrooniumTOontalning silica powder is melted below the plasma 
arc -coupled region 105 by heat generated by the plasma arc. A 
target 108 le provided underneath the region 105. The target 
108 is rotatable on the vertical axis by a rotating mechanism 
109. The target 108 is connected through a rotation shaft 110 
with a lifting mechanism 111. Thus the target 108 can be moved 
upwardly and downwardly, if desired. 

A supporting member 113 is provided so that the lifting 
mechanism ill is stably operated. Usually the distance between 
the plasma arc-coupled region 105 and the target 108 is in the 
range of about l cm to about 20 cm. The angle between the anode 
torch 106 and the cathode torch 107 is in the range of 80° to 
130°. The anode torch 106 and the cathode torch 107 are in 
alignment with each other. The angle between the anode torch 

106 and the cathode torch 107 is variable, and the anode torch 
and the cathode torch are upward and downward movable so that 
registration can be effected. The anode torch 106 and the 
cathode torch 107 are positioned symmetrically relative to the 
vertioal axis . By varying the angle between each electrode and 
the vertical axis and the distance between the plasma arc-coupled 
region and the target, the light transmlttance of 
zirconium-containing silica glass can be varied within a broad 
range of from opaqueness to transparence. 

The position of feed tube 104 also can be varied in a 
horizontal direction and in the vertical direction. The target 
is usually rotated at a rate of 1 to 60 rpm. 

As shown in- Pig. 6 whioh is an enlarged schematic view 
illustrating growth of zirconium- containing silica glass, a 
powdery material is fallen through in a tube 113 Into a plasma 
arc-coupled region where a plasma arc 114 generated by the plasma 
torch 106 and a plasma arc 115 generated by the plasma torch 

107 are coupled. The zirconium- containing silica is further 
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fallen to Impinge upon the rotating target 108. Thu6 a 
zirconium-containing silica glass ing t 116 is formed on the 
target 108. 

With growth of the ziroonlum-oontalning silica glass 
ingot 116, a plasma arc-coupled region is statlonarily formed 
on the zirconium- containing silica glass ingot 116. To obtain 
a stationary plasma aro-ooupled coupled region on the ingot, 
the target 108 is downward moved by a lifting mechanism 111 (shown 
in Pig. 5) . The rate of movement is usually in the range of 0.1 
cm/min to 5 cm/mln. 

A current of 100 to 500 ampere at a voltage of 50 to 250 
V is applied to eaoh of plasma arc torches 114 and 115 . An argon 
gas is preferably supplied at a flow rate of 10 to 60 liter /min 
through eaoh of plasma arc torches 11-4 and iis* . The rate of mixed 
powder (quartz powder plus metallic zirconium powder) supplied 
is usually in the range of 0.5 to 20 kg/hour. 

Fig . 7 is an enlarged partially sectional view of a plasma 
anode torch used in an apparatus using plasma melting method. 
In Fig. 7. the plasma anode torch has an electrode 120 exhibiting 
no ignition loss. The electrode 120 is made of copper or other 
metal exhibiting no ignition loss. The electrode 120 has a 
coaxial tube 121 therein. Cooling water flows through the tube 
121 in the direction of arrow and flows baok through the space 
between the tube 121 and the eleotrode 120. Plasma gas flows 
around the electrode 120 in the direction of arrow 123 and forms 
a plasma arc 124 which is ejected through a nozzle 125 . A nozzle 
assembly 127 cooled with cooling water circulating therein has 
a function of limiting the plasma gas around the eleotrode 120. 
The nozzle 125 is electrically insulated by an insulating member 
129 from an electrode assembly 128. The round end of the 
electrode 120 ensures an arc route and enables high-electric 
current passage and gives enhanced service life. Abrasion of 
inner wall of the nozzle 125 is minimized and the contamination 
of zirconium-containing silica glass also is minimized by the 
round end of electrode 120. 
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Pig. 8 la an enlarged partially seoti nal persp ctlv 
illustration of a plasma oath de torch 126 used In the apparatus 
using plasma melting method. In Fig. 8, argon gas flows through 
a space 136a surrounding a cathode electrode 134 to form an argon 
arc which is ejected from a torch nozzle. Nitrogen gas flows 
through a space 136b surrounding the oathode electrode 134 and 
is ejected through small holes 138. The email holee 13a ore 
radially arranged at the top portion of torch nozzle, and are 
inwardly directed so that the ejected nitrogen gas streams are 
converged. The amount of nitrogen gas is usually in the range 
of 5% to 50%. The ejeoted nitrogen gas is ionized by argon arc 
and generates an argon-nitrogen plasma. Thus a plasma arc is 
formed highly efficiently, and an argon-nitrogen plasma is 
formed while tungsten constituting the oathode electrode 134 
is not contacted with nitrogen gas. Therefore a reaction of 
tungsten with nitrogen can be avoided and the service life of 
the cathode electrode is improved. Cooling water is circulated 
from a space 140a to a space 140b for cooling the torch nozzle. 
Cooling water is circulated from a space 142a to 142b for 
insulating radiant heat from the plasma arc. 

Thus, by using the above-mentioned plasma arc torch 
providing an arc plasma exhibiting stabilized orientation, high 
energy of the plasma is efficiently used, and the 
zirconium-containing silica glass ingot is produced with 
enhanoed productivity. Further, the zirconium- containing 
silica glass ingot is not contaminated with fine fragments from 
the electrode material and has a high purity. 

As a working example according to the first embodiment 
of the plasma melting method, two kinds of zirconium-containing 
silica glass ingots were made, one of which was transparent and 
the other of which was opaque. A square plate having a size of 
50 cm x 50 cm was cut from each ingot, and was mirror-polished 
to prepare a test sample. Using a parallel flat plate- type 
plasma etching apparatus, the test specimen was subjected to 
plasma etching in a mixed CF 4 /0 2 gas atmosphere. The change of 
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the surf ao appearance and state was evaluated as observed before 
and after the etching. Surface roughn ss as obsei^ed on the 
conventional silica glass was not found and thus resistance to 
plasma was improved. The mechanical strengths as measured 
before and after the etching were the same, and there was no 
difference in mechanical strength between the transparent ingot 
and the opaque ingot, 
(ii) Second Embodiment 

In Pig. 9 which is a partly sectional elevation of anoher 
apparatus using the plasma melting method, a hopper 110 is 
changed with a powdery material whioh is a mixture of a finely 
divided silica powder and a finely divided zirconium- containing 
substance, or a finely divided silica powder having deposited 
thereon a finely divided zirconium- containing substance. The 
hopper 130 is connected to a constant-rate feeding means 112, 
a connecting tube 114 and a powdery material feeding tube 116. 
The powdery material is supplied from the hopper 110 through 
the feeding means 112 and the connecting tube 114 into a melting 
vessel 118 within a furnace 120. The position of melting vessel 
118 can be shifted in the vertical direction and in the horizontal 
direction. 

A twin plasma torch comprising a plasma anode torch 124 
and a plasma cathode torch 126 is arranged in a manner such that 
the two plasma torches are symmetrically inserted in the f urnaoe 
HQ relative to a plasma arc-coupled region 122 . The torch angle 
and the depth of the plasma torches can be controlled . The plasma 
anode torch 124 and the plasma cathode torch 126 are inclined 
preferably to an extent such that an inclination angle from the 
perpendicular axis is in the range of 45 to 65 degrees and the 
distance in the horizontal direction between the lower ends of 
the two plasma torches is In the range of 50 to 100 mm. The plasma 
anode torch 124 has the same structure and function as those 
explained above In detail with reference to Pig. 7 as to the 
first embodiment. The plasma cathode torch 126 has the same 
structure and function as those explained in detail above with 
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refer noe to Fig. 8 as t the first emb diment. 

In Pig. 9. th melting vessel 118 is made of, f or exampl , 
steel and can be cooled. The melting vessel 118 is supported 
by a rotating shaft 144. The melting vessel 118 is rotatable 
round Its central axis. The melting vessel 118 may be 
eccentrically rotated round an axis slightly displaced from the 
center of vessel. The rotating shaft 144 is provided in a manner 
such that it can be rotated by a motor 148 and can be lifted 
by a motor 150, which motors are fitted on a furnace base 146. 
A rotary joint 154 having a cooling water inlet 152a and a cooling 
water outlet 152b is fitted to the lower end of the rotating 
shaft 144, thus cooling water being circulated in the melting 
vessel 118. 

The ceiling part of the furnaoe 120 is flat and can be 
cooled by cooling water circulating therein. Silica vapor 
volatilizing from the molten silica in the melting vessel 118 
flows upwardly and is exhausted through outlets 156 provided 
in side-wall. 

Prior to an operation, the bottom surface of the melting 
vessel 118 is covered with silica particles having a large 
particle diameter at a thickness of about 1 cm to about 20 cm. 
The melting of the powdery material is effected in a plasma 
arc-coupled region 122 where plasma arcs generated from the 
plasma anode torch 124 and the plasma cathode torch 126 are 
coupled together to give heat sufficient for melting the powdery 
material, in an Initial stage, the angle and position of the 
plasma anode torch 124 and the plasma cathode torch 126 are 
adjusted while the melting vessel 118 Is rotated at a 
predetermined rate . The powdery material ±*-f all«& through the 
plasma arc-coupled region 122 to form a small heap of partly 
melted zirconium- containing silica on the center of the bottom 
covered with silica partloles. The powdery material is 
continually fallen, while the adjustment of angle and position 
of the plasma anode torch 124 and the plasma cathode torch 126 
are continued, to enlarge the heap of partly melted 
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zirconium-containing silica. With an increase of the heap of 
partly m lted zirconium- containing silica on the bottom c vered 
with silica particles, the vessel 118 is downward moved so that 
the heap of partly melted zirconium-containing silica is 
maintained at a temperature sufficient for keeping a molten state. 
The molten zirconium- containing silica has a high viscosity and 
is of a mountain- shape having an outward extended circular- foot. 
The molten zirconium- containing silica is maintained at a high 
temperature so that the silica is well extended to the side-wall 
of melting vessel 118. More specifically a stream of plasma 
generated by the twin plasma torches 124 and 126 covers the entire 
exposed surface of the mountain-shaped zirconium- containing 
silica whereby the molten material is extended to the peripheral 
side-wall to give an ingot wherein zirconium is uniformly 
dispersed in a silica glass matrix. . 
(3) Electrical Melting Method 

In a process for producing a highly durable silica glass 
Ingot, an eleotrlcal melting method oan be employed (although 
not shown in the drawings). In a specific example, a finely 
divided powdery silica having deposited thereon a finely divided 
zirconium-containing compound is prepared, for example, by 
dissolving a salt of zirconium such as nitrate, sulfate or 
chloride in water or other liquid medium to prepare a solution, 
or dispersing an oxide of zirconium to prepare a slurry, and 
then Incorporating powdery silica material in the solution or 
slurry, followed by evaporating the liquid medium at a high 
temperature from the solution or slurry with stirring. The 
thus-prepared powdery silica material has a zirconium salt or 
oxide deposited on fine silica particles. The powdery silica 
material is calcined at a temperature of 500°C to 1.000°C in an 
electric furnace to prepare a calcined product comprised of 
silica particles having deposited thereon zirconium oxide 
particles. Prior to the calcination, the powdery silica 
material may be molded together with an optional binder such 
as, for example, an acrylic resin into a molding. The calcined 
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pr duot is then baked at a temperature higher than th 
calcination temperature but lower than th melting point f 
cristobalite. namely at a temperature of 1,800°C to l,900°c in 
an electric furnace to give a highly durable silica glass in 
which zirconium is uniformly dispersed. 

The finelu divided silica material used Includes, for 
example, natural silica powder such as quartz powder, synthetic 
silica powder, fumed silica powder and soot silica powder. When 
synthetic silica is used, it preferably has a particle diameter 
distribution ranging from 40 nm to 430 |jun and a mode diameter 
of about 220 |im because good compaotness is obtained and dusting 
is minimised. The powdery silica materials can be classified 
into a narrower particle diameter. For example, classified 
particles with particle diameter distribution ranging from 200 
Mm to 300 Mm and a mode diameter of about 260 \mt or classified 
particles with particles diameter distribution not larger than 
200 fim and a mode diameter of about 180 \im are mentioned. The 
powdery silica materials preferably have uniform pores having 
a diameter as Bmall as possible in view of disperslbllity of 
an additive element. 

The present invention will now be described by the 
following examples that by no means limit the scope of the 
invention, 

E Xfliimlftfl 1-21. ComnftrHtlirft Bvampio, 

A finely divided quartz powder having an average particle 
diameter of 200 \im was thoroughly mixed together with an oxide 
of an additive element (shown in Table 1) having an average 
particle diameter not larger than 5 \m. Each mixture was melted 
in an electric furnace under vacuum to give additive 
element-containing silica glass. 

The concentration of each additive element in the mixture 
was measured by a method wherein the silica glass was dissolved 
by pressure acldolysis using hydrofluoric acid and the solution 
was quantitatively analyzed by the ICP atomic emission 
speotrochemical analysis. 
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A plat having a slid glass size was out f r m the additive 
lement-c ntalning silica glass . The plate was mirror-p lished 
and then the polished surface was subjected to masking . The thus 
prepared sample was placed on an electrode of a parallel flat 
plate-type plasma etching apparatus where the sample was 
subjected to plasma etching in a mixed CP 4 /O a gas atmosphere or 
a mixed BCl 3 /Cl a gas atmosphere at 100 W for 1 hour . After etching , 
the mask was removed, and surface roughness of the masked area 
(non-etched area) and surface roughness of the etched area were 
measured for evaluation of resistance to plasma of silica glass . 
The test results were evaluated by comparing the surface 
roughness with that of control silica glass having therein no 
additive element, and expressed by assigning the following three 
ratings A, B and C. The test results are shown in Table 1. 

At Resistance to plasma was definitely larger than that 
of control silica glass. 

Bt Resistance to plasma was slightly larger than that of 
control silica glass. 

Ct Resistance to plasma was not larger than that of control 
silica glass. 

A three-point bending test was carried out. The as- 
measured bending strength can be a criterion for prooessability 
of silioa glass. The test results were evaluated by comparing 
the bending strength with that of control silica glass having 
therein no additive element, and expressed by assigning the 
following three ratings A, B and C. The test results are shown 
in Table 1. 

A< Bending strength was the same as or only slightly lower 
than that of control silica glass. 

Bt Bending strength was reduced but the prooessability 
is still acceptable. 

Ct Bending strength was reduced to an extent such that 
the silica glass is difficult to process. 

The total evaluation results were expressed by the 
following three ratings. 
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A i Both ratings f r plasma r sistanoe and bending 
strength wer A. 

B« At least one of the ratings for plasma resistance and 
bending strength was B. 

C» At least one of the ratings for plasma resistance and 
bending strength was C. 

AS seen from Table 1. plaama resistance, i.e. , durability 
of silica glass containing an additive element is enhanced with 
an increase in content of the additive element . when the content 
of additive element is smaller than 0.01% by weight, the plasma 
resistance is poor. When the content of additive element is at 
least 0.01% by weight, especially at least 0.05% by weight, the 
plasma resistance is satisfactory. 

When the content of additive element exceeds about 0.50% 
by weight, the prooessability of silica glass is gradually 
deteriorated. When the content of additive element exceeds 2% 
by weight, the silica glass is liable to be broken at an abrading 
or polishing step or at a step of welding by oxyhydrogen flame. 
Thus, good and balanced prooessability and plasma resistance 
are obtained when the content of additive element is not larger 
than 2% by weight, more preferably not larger than 0.50% by 
weight . 



31 





(1) 




(2) 




(3) 


(4) 


Sx. NO. 





-flilam&at RlnamR 




Band. 


Tota: 




Kind 


Cono. 


CF</O a 


BCl s /Clj 


str. 




CI 


■ 




C 


c 


a. 


c 


1 




0.048 


A 


A 


A 


A 


2 




1.100 


A 


A 


A 


A 


3 


Ca 


0.013 , 


A 


B 


A 


B 




Ca 


0.047 


A 


A 


A 


A 


5 


Ca 


0.132 


A 


A 


A 


A 


6 


Ga 


1.880 




A 


B 


B 


C2 


Ca 


4.700 


A 


A 


C 


C 


7 


Sr 


0.048 


& 


A 


A 


A 


8 


Sr 


1.100 


A 


A 


A 


A 


9 


Ba 


0.051 


A 


A 


A 


A 


10 


8a 


0.960 


A 


A 


A 


A 


G3 


y 


0.005 


C 


C 


A 


C 


11 


Y 


0.012 


3 


B 


A 


B 


12 


Y 


0.048 


A 


A 


A 


A 


13 


Y 


0.460 


A 


A 


A 


A 


3,4 


Y 


1.600 


A 


A 


B 


B 


C4 


Y 


5.400 


A 


A 


C 


C 


C5 


sr 


0.006 


C 


C 


A 


c 


15 




0.011 


B 


B 


A 


B 


16 


Er 


0.053 


A 


A 


A 


A 


17 


zr 


0.494 


A 


A 


A 


A 


18 


zsr 


1.010 


A 


A 


A 


A 


19 


Zr 


1.900 


A 


A 


B 


B 


C6 


Zr 


4.700 


A 


A 


C 


C 


20 


Hf 


0.061 


A 


A 


A 


A 


21 


Hf 


0.970 


A 


A 


A 


A 


C7 


Al 


0.120 


A 


C 


A 


C 


C8 




5„300 


A 


G 


C 


C 



32 



Note. "C" In Example No. t Comparativ Example 

(1) Add. element i additive element 

( 2 ) Plasma resistance as tested In an atmosphere of mixed CF t /0, 
or BCl,/Cl a gas 

(3) Bending strength 

(4) Total evaluation 



BXflmn3ftfi ??-25. Conmflr w t^A EaBM B PlBfl izl£ 

A finely divided Quartz powder having an average particle 
diameter of 200 nmwa$ thoroughly mixed together with a zirconium 
oxide having an average particle diameter not larger than 5 Mm. 
The mixture was melted by oxyhydrogen flame or in an electric 
furnace under vacuum to give zirconium- containing silica glass. 

The concentration of zirconium in the mixture was measured 
by a method wherein the silica glass was dissolved by pressure 
acidolysis using hydrofluoric acid and the solution was 
quantitatively analyzed by the ICP atomic emission 
epeatrochemloal analysis. 

A plate having a thickness of 1 mm was prepared from the 
zirconium-containing silica glass. Both surfaces of the plate 
were mirror -polished to prepare a sample for testing light 
transmittanoe. The sample was Irradiated with visible light 
with a wavelength of 600 nm by using a spectrophotometer "U-320" 
available from Hitachi. Ltd. to determine percentage of light 
transmittanoe . The test results were expressed by assigning the 
following two ratings. 

hi Transmittanoe was at least 80% 

B: Transmittanoe was smaller than 80% 

A plate having a slide glass size was out from the additive 
element -containing silica glass . The plate was mirror-polished 
and then the polished surface was subjected to masking. Using 
the thus prepared sample, plasma resistance was tested by the 
same method as that employed in Examples 1-21, The test results 
are shown in Table 2. 

A three-point bending test was carried out by the same 
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method as empl yes ± n Examples 1=21 . The test results are shown 
in Table 2. 

The total evaluation results were expressed by the 
following three ratings. 

As All o£ the ratings, for plasma resistance, bending 
strength and light transmittance were A, 

B» At least one of the ratings Sos plasma rosietenaa, 
bending strength and light transmittance was B. 

Ct At least one of the ratings for plasma resistance, 
bending strength and light transmittance was c. 

In Comparative Examples 15 and 16 . aluminum oxide was UBed 
instead of zirconium oxide. 



Table a 



Es. No. 


(1) 


_Sl£maja£ 


(2) 
Melt 
temp. 
<°GJ_ 


cs) 

Plasma 




(4) 
Bend, 
str. 


(5) 

Trans. 


(6) 
Total 


Kind 


Gono. 

JtMfc.ft.) . 


CF 4 /0, BCl s /Cl a 


C9 






1850 


C 


c 


A 


A 


C 


CIO 


Zr 


0.006 


1850 


C 


c 


A 


A 


C 


22 


Zr 


0.011 


1880 


B 


B 


A 


& 


B 


23 


Zr 


0.053 


1950 


A 


A 


A 


A 


A 


24 


ar 


0.494 


2600* 


A 


A 


A 


A 


A 


Cll 


Zr 


0.510 


1950 


A 


A 


A 


C 


C 


23 


Zr 


0.570 


2180 


A 


A 


A 


A 


A 


C12 


Zr 


1.010 


1850 


A 


A 


A 


C 


C 


C13 


zr 


1.900 


1850 


A 


A 


B 


C 


c 


C14 


Zr 


4.700 


1850 


& 


A 


C 


c 


c 


C15 


Al 


0.120 


1850 


A 


C 


A 


A 


c 


C16 





5^30Q_ 


— Isaa- 


a 


c .._ 


r. 


A ._ 


G . 



Note. °c B in Example No.i Comparative Example 

(1) Add. element i additive element 

(2) Melt temp, i melting temperature (°C) in an electrio furnace 
under vacuum 
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* In Example 24, the temperature is a temp rature of 
oxy hydro gen flame 

(3 ) Plasma resistance as tested in an atmosphere of mixed CF«/0, 
or BClj/clj gas 

(4) Bending strength 

(5) Light transmittance 

(6) Total evaluation 



As seen from Table 2, plasma resistance. i.e. . durability 
of zirconium-containing silica glass is enhanced with an 
increase of zirconium content. When the zirconium content is 
smaller than 0.01% by weight, the plasma resistance is poor. 
When the zirconium content is at least 0.01% by weight, 
especially at least 0.05% by weight, the plasma resistance Is 
satisfactory. 

When the zirconium oontent exceeds about 0.50% by weight, 
the processabllity of silica glass is gradually deteriorated! 
When the zirconium oontent exceeds 2% by weight , the silica glass 
is liable to be broken at an abrading or polishing step or at 
a step of welding by oxyhydrogen flame . Thus . good and balanced 
processabllity and plasma resistance are obtained when the 
zirconium content is not larger than 2% by weight, more 
preferably not larger than 0.50% by weight. 

The temperature for melting the powdery material within 
oxyhydrogen flame in Example 24 was. difficult to measure . But, 
the temperature of oxyhydrogen flame used was 2,600°C and thus! 
it is believed that the powdery material was melted at this 
temperature. Where the powdery material was melted In an 
electric furnace under vacuum, if the zirconium content was 0 . 57% 
by weight (Example 25) . a satisfactory light transmittance was 
obtained only when the melting temperature was at least about 
2,150°C. 

Examnlfl ?,fj 

A quartz powder containing the ingredients shown in Table 
3 and particle diameters ranging from 40 to 430 nm and a mode 
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diameter of 219 tun was purified, and 223 g of the quartz p wd r 
was weigh d. 



Inqrefllfmtff &i c» cn p e Na 
Conten t &*9 — 0.4 <o. m o.i n .i n no 

4.04 g of zirconium oxyohlorlde <ZrCl 2 0.8H a O, purity 
99.0%) was weighed, and dissolved in 150 ml of ultra-pure water 
having a speolfio resistance of 17 MQ-cm. This solution was 
mixed with the quartz powder and the mixture was allowed to stand 
for about 1 hour. The mixture was placed In a quarts boat, and 
heated in the air at 90°C for 8 hours and then calcined at 500°C 
for 1 hour. X-ray diffraction of the calcined product revealed 
that zirconium oxyohlorlde was substantially converted to 
airconia Zr0 2 . The content of zirconium in a silica material 
to be treated was 5,000 ppm. The calcined product was free- 
flowing powdery material . A carbon mold composed of high-purity 
carbon was charged with the powdery material. A packing of 
charged powdery material had a cylindrical shape having a 
diameter of 90 mm and a height of 25 mm. The paoking was melted 
in an electric furnace under vacuum. The temperature in the 
furnace was elevated from room temperature to l.830°C at a rate 
of 5°C/mln . and maintained at l , 850°c for 5 minutes . Thereafter 
the furnaoe was cooled in a nitrogen atmosphere. The content 
of zirconium in the thus-obtained zirconium-containing silica 
glass was measured by an electron probe micro analyzer. The 
results are shown in Table 4. 

Tahiti 4 



Measurement pn-tni-e 1 


2 . 3 


4 


5 




SL25.6 0.319 


0.443 


0.469 



The average zirconium content was 0.403 atomic %, the 
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standard deviation was 0.112 (atomic %), and the variant 
coefficient was 28%. 

A plate sample was out from the z lrconium- containing 
Bilioa glass, and was subjected to plasma etching in a mixed 
CF 4 /0 2 gas atmosphere or a mixed BCl 3 /ci a gas atmosphere by the 
same procedure as employed in Examples 1-21 to evaluate plasma 
resistance. The plasma resistance was better than that of 
control silica glass containing no zirconium. 

4.04 g of zirconium oxychloride (ZrCl 2 Ov8H a O, purity 
99.0%) was weighed, and dissolved in 150 ml of ultra-pure water 
having a specific resistance of 17 MQ-cm. Fumed silica powder 
having an average particle diameter smaller than 1 pun was 
incorporated in this solution, and the mixture was stirred by 
a Teflon spoon. The mixture was allowed to stand for 2 hours, 
and then, placed in a quartz boat . Then, the mixture was heated 
in the air at 120°C for 8 hours and then calcined at 500°C for 
1 hour . X-ray diffraction of the calcined product revealed that 
zirconium oxychloride was substantially converted to zirconia 
Zr0 2 . The calcined product was free-flowing powdery material. 
The calcined product was melted in an electric furnace under 
vacuum to obtain zirconium- containing silica glass. The 
content of zirconium in the zirconium-containing silica glass 
was measured by an electron probe micro analyzer. The results 
are shown in Table 5. 



MaafiUT-Rmnnt- polntfl 




3 A 5 


Zr onni-ATi» CAtflmlfl If) 


-fl-112 0,131 


-0.134 0.141 n n*; 



The average zirconium content was 0.133 atomic %, the 
standard deviation was 0.013 (atomic %), and the variant 
coefficient was 10%. 

A plate sample was out from the zirconium-containing 
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silica glass, and. was sub J cted to plasma toning in mix d 
CF«/0 2 gas atmosphere or a mixed BC1 3 /C1 2 gas atmosphere by the 
same procedure as employed in Examples 1-21 to evaluate plasma 
resistance. The plasma resistance was better than that of 
control silioa glass containing no zirconium. 

A quartz powder containing the Ingredients shown in Table 
3 in Example 26 and particle diameters ranging from 40 to 430 
tun and a mode diameter of 219 Mm was purified, and 223 g of the 
quartz powder was weighed. 1.516 g of a zirconium oxide powder 
having a purity of 99.9% was weighed, and mixed in a dry state 
with the quartz powder for 2 hours by using a pot mill rotating 
base. The mixed powder was melted in an eleotrlo furnace under 
vacuum to obtain zirconium- containing silioa glass. The 
content of zirconium in the zirconium-containing silica glass 
was measured by an electron probe micro analyzer. The results 
are shown in Table 6. 





1 


2 3 


4 


_. s 




_D.lfil_ 




0.443 


3.001 



The average zirconium content was 1,040 atomic %, the 
standard deviation was 1.187 (atomic %), and the variant 
coefficient was 114%. 

A plate sample was out from the zirconium-containing 
silica glass, and was subjected to plasma etching in a mixed 
CF 4 /0 2 gas atmosphere or a mixed BCl a /Cl 2 gas atmosphere by the 
same procedure as employed in Examples 1-21 to evaluate plasma 
resistance. The plasma resistance was poor as compared with 
that of zirconium-containing silica glass in Example 22. 

A quartz powder containing the ingredients shown in Table 
3 in Example 26 and particle diameters ranging from 40 to 430 
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m and a mod diameter f 219 \ua was purified, and 223 g f th 
quartz powd r was weighed. 1.516 g of a zlroonium oxid powd r 
having a purity of 99.9% was weighed, and mixed in a dry state 
with the quartz powder for 4 days by using a pot mill rotating 
base. The mixed powder was melted in an eleotrio furnace under 
vacuum to obtain zirconium- containing silica glass. The 
content of zirconium in the zirconium- containing sllioa glass 
was measured by an electron probe micro analyzer. The results 
are shown in Table 7. 

Eahlfl Z 



MeasurftmAnt pn<tn-« __] 2 a a a 

Z r contnnf, (ntomlr, *) o.?si i . sk? ».«, t ft ftl)f } i m 

The average zirconium content was 1.764 atomic %, the 
standard deviation was 1.737 (atomic %), and the variant 
coefficient was 98%. 

A plate sample was out from the zirconium-containing 
silica glass, and was subjected to plasma etching in a mixed 
CF 4 /0 2 gas atmosphere or a mixed BCl 3 /ci a gas atmosphere by the 
same procedure as employed in Examples 1-21 to evaluate plasma 
resistance. The plasma resistance was poor as compared with 
that of zirconium-containing silica glass obtained in Example 
22, but it was better than that obtained in Comparative Example 
17. 

As seen from the comparison of Comparative Example 18 with 
Comparative Example 17. even when the same zirconium-containing 
substance is incorporated in the same amount in quartz powder, 
if mixing is carried out thoroughly so that a highly dispersed 
mixture is obtained, the resulting zirconium-containing silica 
glass exhibits better plasma reslstanoe. 

Exnmplft 2 ft 

Zirconium oxyohlorlde was hydrolyzed by the conventional 
procedure to prepare a zlrconia powder . The zirconla powder was 
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combined with a finely divided quartz powder in a synthetic rosin 
pot and was mixed together by using a ball mill mix r to prepar 
a powdery quart z/zlrconia mixture containing 5,000 ppm of 
zirconium. 

An apparatus shown in Pig. 2 equipped with a main burner 
assembly and an auxiliary burner, both of which were made of 
Silica glass, was used for melting the powdery guartz/rirconla 
mixture. The size of a melting ohamber defined by silicon 
Carbide bricks within the furnace was 750 mm x 750 mm x 400 mm. 

10 kg of the powdery quart z/ziroonia mixture was supplied 
in a feed hopper 3 shown in Pig. 3. The main burner and the 
auxiliary burner were ignited and the furnace was rotated at 
5 rpm. The furnace was pre-heated, and then, the powdery 
quartz/ ziroonia mixture was supplied from the feed hopper 3 to 
the main burner at a rate of 2 . 0 kg/hr. The powdery mixture was 
melted by oxynydrogen flame in the furnace while an additional 
powdery mixture was supplied to the hopper 3. Thus, 280 kg of 
the powdery mixture was supplied in total to the main burner, 
and then . operation of feed means was stopped . Further , heating 
by the main burner was continued for 4 hours whereby a molten 
material was extended outward in radial directions in the f urnaoe . 
Finally, feeding of hydrogen and oxygen to the burners was 
stopped. After fire extinguishing, rotation of the furnace was 
stopped. The furnace was cooled and then side-wall bricks were 
removed to obtain zirconium-containing Bilioa glass having a 
size of 750 mm x 750 mm x 180 mm. 

The benefits and use of the highly durable silica glass 
of the present invention are summarized as follows. 

An additive element such as zirconium is uniformly 
dispersed in the silica glass. The silica glass exhibits 
enhanced plasma resistance, i.e. , enhanced durability when used 
as a member in a semiconductor-production apparatus or a liquid 
crystal-production apparatus. The silica glass has good 
processabillty and reduced fly of fine fragments, which are 
inherently possessed by conventional high-purity silica glass. 
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The Billoa glass is sultabl as a member for use in an 
apparatus to which high plasma resistanc and high heat 
resistance are required, such as a semiconductor-production 
apparatus or a liquid crystal-production apparatus. Suoh 
member includes, for example, Jigs and tools such as a flange 
part of a reaction tube and a bell jar. 

A silica glass ingot having a largo size oan be 
advantageously produced by the melting method using oxyhydrogen 
flame . 



